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INTRODUCTION 

Engravirg  is  a  process  by  which  a  rotating  band,  on  a  spin-stabilized 
projectile,  assumes  a  complimentary  fora  witn  the  firing  tube's  rifling.  As 
the  name  implies,  its  primary  purpose  is  to  impart  a  rotational  notion  to  the 
projectile.  In  addition,  by  filling  the  grooves  in  the  tube's  rifling,  the 
rotating  band  slows  down  leakage  of  propellant  gases  past  the  projectile. 
Ideally  it  should  stop  such  leakage  completely. 

Design  dimensions  of  the  grooves  in  the  tube  and  of  the  O.D.  (outer 

diameter)  of  the  rotating  band  call  for  interference;  the  O.D,  of  the  rotating 

band  is  made  larger  than  the  rifling  grooves*  diameter.  For  an  8-inch  gun 

+.006 

tube  the  grooves'  diameter  is  8.14G-.000,  while  the  O.D.  of  the  rotating  band 

+.000 

on  a  corresponding  projectile  is  8.195-.005,  or  an  interference  of  .044  inch 
to  .055  inch  in  diameter  (which  is  .54  percent  to  .67  percent  of  the  diameter, 
and  it  is  to  be  compared  with  grooves'  depth  of  .070  inch  on  each  side).  If 
such  an  interference  prevails  during  firing,  the  excess  material  (.044  inch  to 
.055  inch)  will  be  shaven  at  the  rifling  grooves  and  in  between  it  will  be 
pushed  backward  by  the  rifling  lands.  To  accommodate  for  the  backward 
aetal-flow,  the  rotating  bands  are  provided  with  periodic  circumferential 
channels  called  cannelures.  This  investigator  is  convinced  that  the 
longitudinal  push  along  the  circumferential  surfaces  and  the  shear  along  the 
radial  (side)  surfaces  of  the  rifling  lands  (see  Figure  1)  at  the 
commencement-of-rifling  (C.O.R.),  are  too  severe.  The  energy  required  to 
engrave  the  band  in  this  fashion  is  high  and  the  wear  on  the  tube's  rifling  is 
severe.  Hence,  I  suggest  a  modification  of  the  flow  pattern  in  the  rotating 
band  material  during  engraving  through  a  change  in  the  design  of  the 
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commencement-of-rlfling.  This  change  is  intended  to  maintain  the 
configuration  of  the  rifling  beyond  its  commencement.  The  concept  involved 
can  accommodate  any  change  in  the  rifling  configuration  and/or  surface 
treatment  and  thus  be  complimentary  to  such  a  change  rather  than  a  substitute 
for  it. 


A  SEGMENT  OF  AN  ENGRAVED  ROTATING  BAND 


Figure  l. 
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OBSERVATIONS 


Visual  and  microscopic  evaluation  of  the  rotating  bands  of  fired  and 
retrieved  projectiles  revealed  the  following: 

a.  As  seen  In  Figure  2,  material  removed  by  the  rifling  land  has  been 
pushed  backward  by  the  lands.  In  some  locations,  the  rotating  band  material 
between  the  rifling  lands  failed  to  fill  the  rifling  grooves.  This  Is 
evidenced  by  the  retention  of  machining  marks  on  the  rotating  band.  During 
firing,  the  tube  below  the  projectile  la  subjected  to  the  propellant's 
pressure  and  thus  to  radial  expansion.  Under  the  same  pressure,  the 
projectile's  tall  end  may  contract  radially.  These  forces  may  be  augmented  by 
the  radial  component  of  the  engraving  forces.  However,  as  mentioned  above  for 
the  8-inch  tube  and  projectile,  the  interference  between  the  as-machined  gun 
tube  and  the  ap-machlned  rotating  band  is  between  .54  percent  to  .6?  percent 
of  their  nominal  diameter.  It  is  beyond  the  scope  of  this  investigation  to 
accurately  determine  the  factors  that  contribute  to  the  band's  failure  to 
completely  fill  the  rifling  grooves.  Nevertheless,  this  observation  will  be 
referred  to  In  the  discussion  of  the  simulated  engraving  (namely,  simulating 
both  designs  -  the  prevailing  one  as  well  as  the  suggested  modification). 
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b.  The  above  micrograph  (Figure  3a)  reveals  a  total  groove  depth  of 
about  .028  inch  in  the  rotating  band,  while  the  rifling  land* 8  height  is 
designed  to  be  .030  inch  to  .032  inch.  This  reemphasizes  point  "a"  above, 
suggesting  an  incomplete  filling  of  the  rifling  grooves  by  rot at lug  band 
material.  Moreover,  according  to  Figure  the  width  of  the  engraved  groove 
is  .1664  inch  to  .2158  inch,  whereas  the  designed  width  of  the  rifling  lar.  is 
only  .1500  inch.  Since  this  retrieved  projectllt  was  fired  from  a  howitzer 
with  degressive  twist  (of  its  rifling),  the  widening  of  the  groove  on  the 
rotating  band  can  be  attributed  partially  to  the  change  in  twist  angle  and 
partially  to  torsional  wear.  The  slope  cf  one  side  of  the  band's  groove  can 
be  attributed  to  progressive  torsional  wear  at  the  early  stages  of  engraving 
(at  the  coaaencement-of-rifling).  Usually,  however,  torsional  wear  develops 
gradually  throughout  the  length  of  the  tube.  Whatever  the  mechanism  is,  the 
widening  of  the  grooves  allows  for  gas  leakage  to  the  front  of  the  projectile. 

c.  The  micros true ture  of  a  transverse  cut  through  the  rotating  band’s 
groove  (Figure  3b)  reveals  that  in  a  retrieved  rotating  band  of  a  105  cm 
projectile,  up  to  about  .008  inch  below  the  surface  has  been  heavily  deformed 
and  recrystelllzed.  Also,  a  layv.r  of  up  to  .055  inch  to  .075  Inch  (total)  has 
bo*»n  deformed  to  a  noticeable  degiee. 
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Figure  3c.  Transverse  Cut  Through  the  Land  of  an  Fxtgraved  Rotating  Band  of 
a  105  aas  Projectile  -  Reduced  to  75  Percent  of  100X 
Magnification. 


d.  Cross  section  of  a  rotating  band  froa  a  retrieved  8-inch  projectile 
(Figure  4)  shows  engraving  depth  of  .057  inch  to  .066  inch  or  about  31  percent 
to  94  percent  of  the  design  height  of  the  rifling  land.  However,  the  width  >: 
the  engraved  groove  is  .2193  inch,  whereas  the  designed  width  of  the  engravi-g 
land  is  onlv  .1571  inch  or  about  40  percent  larger  than  it  was  designed  to  be. 
If  these  numbers  are  representative  ones  (the  verification  of  which  *s  bev.»nd 
toe  scope  or  tnis  investigation),  then  one  conclusion  is  that  despite  the 
almost  complete  filling  of  the  rifling  grooves,  gas  leakage  i&  still  a 
possibilltv. 


Figure  4.  A  Transverse  Cut  Through  a  Rotating  3and  of  an  S"  Projectile  - 
Reduced  to  75  Percent  of  a  75X  Magnification. 

In  summary,  the  above  numbers  suggest  that  the  wear  ir.  the  rotating  band 
>!  the  105  zsa  projectile  fired  through  a  howitzer,  was  between  4.5  oerce^t  i-v 
id  percent  of  its  circumference,  while  on  the  retrieved  8-inch  projectile  it 
was  aoout  15-8  percent.  It  is  anticipated  that  these  values  will  vary  with 
the  tiring  zone  for  the  sane  projectile  size  and  wclgnt. 
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BACKGROUND 


Host  available  studies  where  gross  plastic  deformation  is  Involved 
address  themselves  to  continuous  processes  such  a*  wire  drawing  or  rolling. 

In  these  processes  one  can  divide  the  material  into  three  tones: 

a.  Rigid  incoming  ante rial. 

b.  Deformation  rone. 

c.  Rigid  outcoming  product. 

Except  at  the  start  and  end  of  tke  process,  the  size  and  shape  of  the 
deformation  zone  is  independent  of  time  and  so  Is  the  stress  and/or  strain 
rate  distribution  throughout  the  deformation  none.  The  two  leading  methods  of 
approximating  these  stress  and  strain  rate  fields  are: 

a.  Limit  analysis,  which  Is  discussed  intensively  by  Avitzur.* 

b.  The  slip  line  field  method,  which  Is  discussed  by  Thomsen  et  al.?- 
The  problem  at  hand,  however,  deals  with  a  deformation  where  the  shape  of 

all  three  zones,  the  incoming  material,  the  deformation  zone,  and  the  final 
product,  varies  as  the  process  progresses. 

The  above  mentioned  literature, * as  well  as  other  literature,  treats 
such  processes  as  simple  forging  of  a  disc  or  deep  drawing  of  sheet  metal  Into 
a  cup.  However,  as  the  process  deviates  from  one  of  rotational  symmetry,  it 
becomes  more  tedious  to  analyze  the  stress  and/or  strain  rates  st  each  Instant 
of  the  process  while  in  progress.  Such  studies  can  be  aided  experimentally  by 
spliting  the  samples  and  imbedding  grid  lines  which  will  be  evaluated  as  the 

^Avittur,  B,,  Metal  Forming:  Processes  and  Analysis.  McGraw-Hill,  1968. 
^Thomsen,  E.  G. ,  Tang,  C.  T. ,  and  Kobayashi,  S.,  Mechanics  of  Plastic 
Deformation  in  Hstal  Processing.  The  MacMillan  Co.,  NY,  1965. 
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process  progresses. ^  This  procedure  Is  tedious  and  costly  and  was  not  used  in 
this  study.  An  intensive  search  for  such  studies  by  past  investigators  can  be 
summarized  as  follows:  "The  engraving  process  was  not  analysed,"  so  far, 

"due  to  lack  of  adequate  data  for  loading  input  and  the  reliability  of  results 
in  an  elastic-plastic  modeling  problem." ^ 

In  view  of  the  above  background,  this  investigation  bypassed  any 
analytical  evaluation  of  either  the  prevailing  design  of  comae  ncement-of- 
rifling,  or  the  suggested  modification  of  the  latter.  This  study  was  guided 
by  the  principle  that  reducing  redundant  work  (of  engraving)  should  reduce  the 
required  energies  and  engraving  forces.  Frofessor  Backhof fen's  definition  of 
redundant  work,  as 

L 

D  -  - 
H 

where  H  equals  depth  of  deformation  zone  and  L  equals  width  of  deformation 
zone,  was  one  of  the  criteria  uaed  in  modifying  the  design  of  the 
connenceaent-of-rif ling . 

LABORATORY  SIMULATION 

The  simulator  consists  of  a  steel  block,  an  engraving  plate,  and  a  moving 
cage  that  contains  a  slug  to  simulate  the  rotating  baod  (Figure  5).  The  first 
tested  engraving  plate  simulated  the  rifling  and  its  commencement  in  an  8-inch 
tube.  In  order  to  simplify  the  process  and  to  reduce  complications  by  factors 

^Thomsen,  E.  G. ,  Yang,  C.  T. ,  and  Kobayashi,  S. ,  Mechanics  of  Plastic 
Deformation  in  Metal  Processing,  The  MacMillan  Co. ,  NY, 

^Ro t tenberg ,  M.  M.  and  Bowers,  J.  M, ,  "Rotating  Band  for  High  Velocity  Thin 
Walled  30  m  Projectiles,"  Air  Force  Armament  Laboratory  Technical  Report, 
AFATL-TR-79-73,  August  1979. 
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While  the  total  width  of  a  rotating  band  on  an  8-inch  projectile  is  two 
inchee  (with  four  canneluree),  most  of  the  simulations  aade  so  far  were  with 
.500  inch  long  slugs,  (Figure  6 );  .282  inch,  x  .500  inch,  x  .800  inch.  Visual 
examination  of  the  engraved  slugs  reveals  the  following: 

a.  The  backward  push  of  engraved  material  by  the  simulated  rifling  land 
was  exaggerated  when  compared  with  that  of  the  actual  retrieved  rotating 
band. 

b.  The  dull  surfaces  on  the  slug  lands  (Figure  7a)  suggest,  like  the 
retention  of  machining  marks  on  the  retrieved  rotating  bands,  that  the 
simulator's  rifling  grooves  were  not  completely  filled  with  the  engraved  slug 
material.  This  is  also  supported  by  the  groove  depth  “B"  -  height  of  the 
groove  (Table  1  and  in  Figure  6),  which  reaches  the  full  design  depth  of  .070 
inch  only  at  the  shiny  spots.  The  total  thickness  of  the  engraved  slug  at  its 
tall  end,  which  is  also  where  the  grooves  attain  the  full  height  of  the 
engraver's  land,  la  larger  than  its  original  (unengraved)  thickness  by  .015 
inch  to  .018  inch.  This  agrees  with  Che  observation  that  in  an  8-inch  tube 
despite  prefiring  interference  of  .044  inch  to  .055  inch,  there  is  an 
Incomplete  filling  of  the  rifling  grooves.  The  mechanisms  leading  to  this 
similarity  are  ant  necessarily  the  same,  l.e. ,  there  is  no  radial  pressure  due 
to  propellant  gases  in  the  simulator;  although  elastic  strain  night  be  Imposed 
on  the  simulator's  engraving  plate  bolts  due  to  the  normal  component  of  the 
engraving  force  which  is  similar  to  the  radial  component  in  the  actual  gun 
tube  during  firing. 
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6b.  ENGRAVED  SLUG  SIMULATING  CONVENTIONAL  C.o.R. 


6c.  ENGRAVED  SLUG  SIMULATING  MODIFIED  C.O.R. 


Figure  6. 
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2800  .0617  .0102  .0515  Copper  2nd  Modification 

282  .0684  .0655  .0073  .0060  .0611  .0595  Copper  2nd  Modification  2nd  Slug  in 


c.  ‘tierogriphs  reveal  the  f  jilowi  ig  siil L irltles  between  a  rotating  m.'j 
eng  rived  during  firing  arid  a  liborutorv  slug  engnved  in  the  ibove  si?,ulat>r. 

1.  \  cross  section  througo  the  band/ slug  land  material  tilling  the 

groove  spaces  of  the  gun/ simulator  rifling  i*.  oy  ar.d  larje  unde? orma j  fconoac- 
Flgure  3c  -/1th  Figures  8a  and  9a).  A  narrow  strip  at  the  (band/slug)  land's 
edge  underwent  defamation  (compare  Figure  2c  with  Figure  9b).  The  latter 
should  oe  attributed  to  the  shearing  of  the  griove  the  simulated  slug  r.i' 
or  due  ti  torsional  wear  In  the  rotating  band  if  a  fired  projectile. 


3a  SIMULATING  CONVENTIONAL  C  oR  8b  SIMULATING  MODIFIED  C  o  R 

TRANSVERSE  SECTIONS  THROUGH  ENGRAVED  SLUGS 


cigure  h. 

deil  i.’- 1  t>  "5  r»er'ent  if  »  ’X  f icatio-.. 


93  UNO  SECT '  SIMULATING  CSNY  CoR 


9b  LAND  SECT  SIVUIATING  CONY  Col? 


2-  In  the  engraved  groove  the  following  was  observed:  A  layer  of 


.008  Inch  below  the  surface  of  the  fired  band  of  the  105  ram  projectile  was 
heavily  deformed  and  recry stalllzed  (Figure  3b).  In  the  simulated  slug,  a 
layer  of  up  to  .015  Inch  was  heavily  deformed  without  recrystalllzation 
(Figure  10a).  Below  the  heavily  deformed  layer,  one  can  detect  deformation  up 
to  .055  Inch  to  .075  inch  below  the  surface  of  the  fired  rotating  band  and 
about  .046  inch  to  .068  inch  in  the  simulated  slug. 

On  the  other  hand,  comparing  the  engraved  slugs  simulating  the  present 
design  of  consaenceneat-of-rlfling  with  those  of  the  modified  design,  led  to 
the  following  observations: 


Figure  10. 
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a.  la  both  cases  •veiling  of  the  slug  took  place,  although  to  a 
significantly  lesser  extent  in  the  Modified  design.  This  Is  attributed  to 
elastic  tension  in  the  bolts  that  hold  the  engraving  plate  onto  the  base  block 
of  the  siaulator.  In  both  cases,  this  tensile  strain  in  the  bolts  *a s 
believed  to  result  from  the  vertical  component  of  the  engraving  force  acting 
on  the  engraving  plate  and  transmitted  to  the  bolts.  And  Indeed,  the 
engraving  forces  vlth  the  simulated  modified  design  were  significantly  lover 
than  those  applied  with  the  simulated  conventional  engraving  (Figure  11). 

b.  In  simulating  the  conventional  design  of  coaaencement-of -rifling  the 
groove  material  was  pushed  backward  by  the  engraver's  lands  and  the  land 
section  of  the  slug  remained  almost  intact.  (See  Figures  9a  end  b.)  This  is 
evidenced  by  the  narrow  strips  of  deformed  material  at  the  groove  edges,  while 
the  rest  of  the  slug  land  remained  unaffected  by  the  deformation.  In  the 
slugs  that  were  engraved  through  the  modified  design,  however,  a  larger  volume 
of  material  was  deformed  (a  larger  *H'  in  Backhof  fen's  equation  for  redundant 
work,  hence  less  redundant  work).  More  significantly,  the  engraved  land  shows 
a  buildup  of  materiel  from  the  grooves  being  moved,  which  is  the  intent  of  the 
modified  design.  That  indeed,  this  is  the  mode  of  deformation  during 
engraving  through  the  modified  design,  is  evidenced  from  the  following: 

1.  Very  little  material  was  pushed  backwards  (see  Figure  7b), 
compared  with  slugs  simulating  conventional  engraving  (see  Figure  7a). 
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ENGRAVING  FORCE  VS  TRAVEL  DISTANCE 
(of  the  slug,  through  the  engraving  plate) 


Figure  11. 


2.  The  total  height  of  the  slug  at  ita  land  la  significantly  larger 
than  Its  undeformed  thickness  (sea  Figure  6  and  Table  I).  At  the  same  time, 
the  slug's  thickness  at  the  grooves  is  comparable  with  the  one  to  be 
anticipated  fro*  the  engraver's  land  penetration  of  only  .042  inch  (out  of  a 
final  anticipated  land  height  of  .070  inch).  A  correction  for  a  slug  swelling 
of  .003  inch  to  .0188  Inch  should  be  considered. 

3.  The  flow  pattern,  as  evidenced  through  grain  distortion  In 
Figures  10,  12,  and  13,  confirms  the  above  points  1  and  2;  a  thicker  layer 
than  the  one  observed  in  slug*.  simulating  conventional  engraving  has  been 
deformed  under  the  groove.  Moreover,  it  la  clear  from  Figures  10b  and  13b 
that  this  taste  rial  flows  towards  the  slug  lands.  The  mlcrcstructures  in 
Figures  13a  and  13b  clearly  demonstrate  this  difference  In  deformation 
(metal -flow)  patterns.  Figures  9c  end  9d  confirm  that  Indeed  the  grains  In 
the  slug  land  are  deformed,  and  together  with  Figure  13b  show  that  they  are 
indeed  part  of  a  continual  flow  from  the  material  under  the  slug  grooves. 
Figures  9a  and  9b,  on  the  other  hand,  suggest  that  no  such  flow  took  place  In 
the  engraving  that  simulates  the  conventional  cotmsencement -of -rifling.  Figure 
9d  also  suggests,  however,  that  there  la  less  deformation  at  the  center  of  the 
slug  land  than  at  the  land  edge.  This  will  explain  the  failure  to  completely 
fill  the  grooves  (Figure  8b). 
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123  SIMULATING  CONVENTIONAL  C  9  R  12b.  SIMULATING  MODIFIED  C  3 R. 

LONGITUDINAL  SECTIONS  THROUGH  ENGRAVED  SLUG  GROOVES 


Figure  12. 


!3a  SIMULATING  CONVENTIONAL  Coil 


13b  SIMULATING  MODIFIES  C-iR 


TRANSVERSE  SECTIONS  THROUGH  ENGRAVED  SLUG  GROOVES 


Figure  13. 
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The  failure  Co  completely  fill  the  engraver’*  groove*  with  the  aodifled 
design  led  to  *  second  aodlflcstlon  In  the  design  of  the  comaencement-of- 
rlfllng.  The  improvement  In  deforaetlon  flow  pattern  with  the  leteet 
aodlflcstlon  end  the  effects  of  other  possible  factors,  are  presently  being 
studied. 

Figure  11  represents  characteristic  plots  of  engraving  force  vs.  slug 
displacement  (through  the  engraving  plate).  These  graphs  suggest  a 
significant  reduction  In  engraving  force  with  the  aodifled  design,  compared 
with  the  conventional  design.  A  slight  laprovetsent  over  that  of  the  first 
aodlflcstlon  1*  also  suggested  for  the  second  aodlflcstlon.  However,  other 
factors,  not  yet  identified,  might  contribute  to  these  differences.  On  the 
other  hand,  one  should  bear  In  alnd  that  for  reasons  of  expediency  and 
economics,  the  engraving  plates  aade  In  accordance  with  both  of  the  aodifled 
designs  are  rough  In  the  direction  of  the  sntldpated  aetal-flow,  while  the 
engraving  plate  that  simulates  the  conventional  design  has  a  high  degree  of 
saoothness,  particularly  In  the  flow  direction.  Thus,  In  a  smoother  engraver, 
further  lowering  of  engraving  forces  la  to  be  sntldpated  for  engraving  with 
the  aodifled  design.  In  addition,  In  order  to  compensate  for  the  unknown 
swelling  of  the  engraving  space  due  to  transverse  elastic  strain  In  the  bolts 
that  bold  the  engraving  plate,  the  uninformed  slugs  have  been  thickened.  This 
leads  to  a  high  pre-engraving  friction  or  even  shaving,  which  distorts  the 
pre-engraving  share  of  energy  conauaption.  Once  the  amount  of  preflrlng 
Interference  Is  determined  (in  actual  gun  tube) ,  these  forces  will  be  replaced 
by  those  required  for  a  slight  extrusion  through  the  forcing  cone  (or  be 
eliminated  altogether.) 
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CONCLUSIONS 


This  study  was  based  on  the  assumptions  that: 

s.  Conventional  cosnencement-of-rlfllng  forces  the  displaced  metal 
backwards  during  engraving. 

b.  Associated  with  euch  a  node  of  deforaatlon,  there  Is  a  lot  of 
redundant  work  Involved  and  as  o  result,  higher  forces  are  required  during 
engraving.  This  means  Chat  a  larger  smount  of  energy  Is  being  consumed  by  the 
process.  This  excess  energy  cen  be  better  used  for  propelling  toe 
projectile. 

c.  The  aode  of  detonation  associated  with  larger  redundant  work  and 
larger  engraving  forces  will  also  result  in  higher  wear. 

This  study  was  aimed  at  testing  these  sssuaptlons,  and  set  to  aodify  the 
design  of  conaenceaent-of-rifling  In  a  way  that  will  replace  the  above  node  of 
deforaatlon  with  one  where  aetal-flow  will  be  transverse  to  the  slug/rotating 
band  notion.  Moreover,  with  the  transverse  aetal-flow,  larger  volumes  of 
material  will  participate  In  the  deforaatlon,  being  displaced  shorter 
distances  and  with  less  redundant  work  and  an  overall  lower  engraving  force 
and  less  energy  consumption. 

Assumptions  a  and  b  have  been  verified  and  two  successive  modifications 
of  the  design  of  the  commencement-of-rlfling  were  tested.  These  modified 
designs  resulted  In  a  transverse  oecal-flow  at  a  reduced  engraving  force  as 
they  were  set  up  to  do.  Factors  affecting  the  total  engraving  force  other 
than  the  mode  of  deformation  have  cot  been  fully  identified  yet,  and  their 
effect  has  not  been  separated  from  c'na  total  force  requirement.  Also,  Che 
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ttiiOTWH  *>tal-flow  obtained  »o  far  haa  failed  to  fully  fill  “P 
engraver 'a  groove*  a*  dealred.  Further  atudle*  are  planned  to  Identify  and 
aeparate  theae  other  factor*  and  to  Improve  the  tranaverae  flow  of  the 
material. 
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